Theoretical calculations of the angular dependence of the exchange bias field in ferromagnetic/ antiferromagnetic bilayers were carried out in the framework of a model assuming the formation of a planar domain wall at the antiferromagnetic side of the interface with the reversal of the ferromagnetic orientation. The calculations were performed for various exchange interaction field strengths and for both cases of ferromagnetic and antiferromagnetic coupling. Analytical expression for the angular dependence of the ferromagnetic resonance field was obtained as well. It was shown that the exchange bias field variations derived from ferromagnetic resonance and hysteresis loop measurements become very close for strong interactions only. These field shifts, due to the different magnetization processes involved in the corresponding measurements, are different physical entities and, in general, must give different values.
I. INTRODUCTION
The phenomenon of exchanged anisotropy 1 refers to the exchange interactions at the interface between ferromagnetic ͑FM͒ and antiferromagnetic ͑AF͒ materials. It is characterized by several experimental observations, the most well known being the shift of the magnetization curve away from the zero field axis. Although it has found important technological application in magnetoresistive heads biasing 2 and spin valve structures, 3 up to now there exists no basic, generally applicable, predictive theory or model, 4 -6 the reason being the inherent complexity in a structural combination that leads to competing interactions. The models proposed in the literature have attained different degrees of agreement with existing experimental results. Models which, similar to the one of Mauri et al., 7 include the existence of AF domain wall in exchange coupled systems, account quantitatively for the 10 Ϫ2 reduction of the exchange field from the ideal interface model case, [7] [8] [9] [10] [11] as well as for accumulative memory effects of the thermal and field history of real FM/AF bilayers. 12 Miltényi et al. 13 have shown both by experiments and by numerical simulations that for some systems diluting the AF layer in the volume part away from the FM/AF interface leads to formation of volume domains in the AF which could significantly enhance the exchange bias.
An for both ferromagnetic and antiferromagnetic coupling. The question of whether the exchange bias variations obtained through the above two techniques should coincide is discussed.
II. MODEL
Let us consider two coupled magnetic layers, denoted as A and B, with magnetizations M A and M B , and thicknesses t A and t B , respectively. A generic form of the total free energy of the system per unit area can be written as
The energies E A and E B could include, for each layer, the Zeeman, anisotropy, domain wall, and demagnetizing terms; E int corresponds to the interlayer interactions. The static equilibrium directions of the magnetization vectors of the two layers, assuming that each of them rotates coherently, can be calculated from Eq. ͑1͒ by finding the polar ( A and B ) and azimuthal ( A and B ) angles of M A and M B in the spherical coordinate system for which E is at minimum. The projections of M A and M B along the field direction will give the layers' magnetizations.
When this exchange-coupled bilayer is located in applied static magnetic field, the magnetization of each layer, if perturbed from its equilibrium orientation, will precess around its equilibrium direction. Following Smit and Beljers, 23 the roots of the determinant of the 4ϫ4 matrix
will give the dispersion relation of the exchange-coupled bilayer system, i.e., a fourth-order equation in ͑the angular frequency of precession͒ with at most two meaningful solutions at any given dc field. Here E i j 's denote the second derivatives with respect to the equilibrium angles and of the energy given in Eq. ͑1͒,
and ␥ A and ␥ B are the gyromagnetic ratios of the two layers.
In the following, a bilayer whose behavior can be described in the framework of the model proposed by Mauri et al., 7 has been considered. It applies to a system formed by an infinitely thick AF layer and a FM layer ͑layer A͒ with thickness t A . The FM spins rotate coherently, and a domain wall can form at the AF side of the interface. t A is much smaller than the thickness of the domain wall. Both films are assumed to have uniaxial anisotropy, and the FM easy magnetization axis is chosen to coincide with the AF one. The energy of the system per unit area can be phenomenologically written as
The first term contains the demagnetizing, the Zeeman, and the FM anisotropy energies, respectively, with K A the uniaxial anisotropy constant; the last two terms refer to the domain wall energy of the AF and the bilinear exchange anisotropy with J E being the interfacial coupling constant. J E Ͼ0 and J E Ͻ0 correspond to ferromagnetic and antiferromagnetic couplings, respectively. W is the energy per unit surface of a 90°domain wall in the AF. The unit vectors û and n represent the uniaxial anisotropy direction ͑along the x axis͒ and the normal to the film surface direction ͑i.e., the z axis͒, respectively. Note that there are no terms in this energy expression corresponding to the second term in Eq. ͑1͒. However, due to the domain wall energy term in Eq. ͑2͒, ) are strongly influenced by the AF magnetization. The latter is found to change during the field variation ͑see, e.g., Fig. 2 in the work of Mauri et al. 7 and Fig. 4 in the Geshev's work 15 ͒. The domain wall formation and motion in the AF is crucial for the existence of exchange bias also for the systems investigated in the work of Miltényi et al.
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III. RESULTS AND DISCUSSION
In the present study, the dc magnetic field is applied in the film's plane and its azimuthal angle H was varied from 0 to 2. The dispersion relation we obtained for this case ( 
The equilibrium magnetization directions were found using the minimization procedure used in our previous works. 15, 24 In the hysteresis loop calculations, the field step was 0.02 Oe, the initial step for the angles i, j and i, j was 10 Ϫ3 rad, and the angles corresponding to the energy minimum were determined to an accuracy of 10 Ϫ16 rad. 14 
H eb
It is worth noting that the above expressions are derived here without using the restriction imposed in Ref. 13 , i.e., 4M A much larger than the resonance field. Actually, they are valid for any demagnetizing energy and frequency values.
When H E ϭ0, H R ( H )ϭH R (ϩ H ), see Fig. 1͑a͒ .
Thus, one can define H eb
as the exchange bias field obtained from FMR measurements when H E 0. Using the above expression, H eb FMR 's versus H are obtained from the H R ( H ) dependences given in Fig. 1 . They are shown in Fig. 2 along with the corresponding angular variations of H eb MAG derived from the hysteresis loops calculations. The curves in Fig. 2͑a͒ 
IV. SUMMARY
In this article, we have determined the angular dependence of the exchange bias derived from magnetization and FMR measurements in exchange-coupled bilayers whose behavior can be described in the framework of a model assuming the formation of a planar domain wall at the AF side of the interface. We have concluded that these field shifts, due to the different magnetization processes involved in the corresponding measurements, are different physical entities and, in general, must give different values. They become very close for high exchange interaction field strength only.
